Manipulation of host cellular pathways is a strategy employed by gammaherpesviruses, including mouse gammaherpesvirus 68 (MHV68), in order to negotiate a chronic infection. Ataxia-telangiectasia mutated (ATM) plays a unique yet incompletely understood role in gammaherpesvirus infection, as it has both proviral and antiviral effects. Chronic gammaherpesvirus infection is poorly controlled in a host with global ATM insufficiency, whether the host is a mouse or a human. In contrast, ATM facilitates replication, reactivation, and latency establishment of several gammaherpesviruses in vitro, suggesting that ATM is proviral in the context of infected cell cultures. The proviral role of ATM is also evident in vivo, as myeloidspecific ATM expression facilitates MHV68 reactivation during the establishment of viral latency. In order to better understand the complex relationship between host ATM and gammaherpesvirus infection, we depleted ATM specifically in B cells, a cell type critical for chronic gammaherpesvirus infection. B cell-specific ATM deficiency attenuated the establishment of viral latency due to compromised differentiation of ATM-deficient B cells. Further, we found that during long-term infection, peritoneal B-1b, but not related B-1a, B cells display the highest frequency of gammaherpesvirus infection. While ATM expression did not affect gammaherpesvirus tropism for B-1 B cells, B cell-specific ATM expression was necessary to support viral reactivation from peritoneal cells during long-term infection. Thus, our study reveals a role of ATM as a host factor that promotes chronic gammaherpesvirus infection of B cells. IMPORTANCE Gammaherpesviruses infect a majority of the human population and are associated with cancer, including B cell lymphomas. ATM is a unique host kinase that has both proviral and antiviral roles in the context of gammaherpesvirus infection. Further, there is insufficient understanding of the interplay of these roles in vivo during chronic infection. In this study, we show that ATM expression by splenic B cells is required for efficient establishment of gammaherpesvirus latency. We also show that ATM expression by peritoneal B cells is required to facilitate viral reactivation during long-term infection. Thus, our study defines a proviral role of B cellspecific ATM expression during chronic gammaherpesvirus infection.
it is now clear that ATM functions within multiple host networks, including oxidative stress, inflammation, and mitophagy (3) . ATM facilitates replication of diverse RNA and DNA viruses in cell culture. Although this proviral activity is traditionally ascribed to the role of ATM in DNA damage response (4, 5) , it is likely that regulation of additional signaling networks by ATM contributes to viral replication (6) .
Gammaherpesviruses, a focus of the current study, are ubiquitous pathogens that establish lifelong infection and are associated with a number of malignancies, including B cell lymphoproliferative diseases and lymphomas (7) . Similar to other DNA viruses, both human (Epstein-Barr virus [EBV] and Kaposi's sarcoma-associated herpesvirus [KSHV]), and rodent (mouse gammaherpesvirus 68 [MHV68]) gammaherpesviruses benefit from ATM in vitro. Specifically, ATM activity and expression facilitate EBV reactivation from transformed cell lines (8) and the establishment of KSHV latency in primary endothelial cell cultures (9) . Further, ATM expression enhances MHV68 replication in primary macrophages, but not mouse embryonic fibroblasts (MEF), in vitro (10) , indicating that ATM functions as a proviral host factor in the context of many infected cell types.
Intriguingly, in contrast to the proviral activity of ATM manifested in tissue culture, A-T patients are selectively susceptible to severe herpesvirus infections, including frequent complications of primary varicella-zoster virus infection (11) (12) (13) (14) (15) (16) (17) . Further, EBV (and human herpesvirus 6 [HHV-6], when present) loads are significantly elevated in A-T patients, and abnormal EBV-driven lymphoproliferation observed early in life has been suggested as a possible diagnostic trigger for A-T (12) . Consistent with the inadequate control of EBV in A-T patients, we showed that MHV68 chronic infection is poorly controlled in ATM-deficient mice, an animal model of A-T (18) . The mechanism(s) by which ATM deficiency confers increased susceptibility to deregulated chronic gammaherpesvirus infection remains unclear.
In order to reconcile proviral and antiviral roles of ATM, we proposed that ATM functions as a proviral molecule within gammaherpesvirus-infected cells, whether in culture or in vivo. Additionally, in an intact host, ATM expression outside infected cells likely supports a gammaherpesvirus-specific immune response that restricts viral replication and reactivation. Thus, in an ATM-competent host, these pro-and antiviral functions of ATM occur simultaneously, establishing a virus-host balance that both promotes and limits chronic gammaherpesvirus infection. In support of this model, we showed that ATM-deficient mice display an inadequate and skewed MHV68-specific CD8 T cell response (18) . Further, myeloid cell-specific ATM deficiency attenuated establishment of MHV68 latency in vivo, likely by directly facilitating MHV68 reactivation from macrophages (19) .
The current study defines the extent to which B cell-specific ATM expression regulates chronic gammaherpesvirus infection. Specifically, we show that selective deficiency of ATM within B cells attenuated the establishment of MHV68 splenic latency. Because the establishment of gammaherpesvirus latency is intimately tied to the B cell differentiation program (20) (21) (22) (23) (24) (25) , the altered differentiation of ATM-deficient B cells observed in our study was likely responsible for the attenuated establishment of MHV68 latency in the spleen. Surprisingly, we found that B cell-specific ATM deficiency had no effect on long-term MHV68 infection in the spleen. In contrast, gammaherpesvirus reactivation from the peritoneal cells was attenuated in long-term-infected mice with ATM-depleted B cells. Extending this observation, we show that peritoneal B-1b cells are a significant reservoir of latent gammaherpesvirus during long-term infection and that ATM expression within B cells is required to support long-term gammaherpesvirus reactivation in the peritoneum.
RESULTS
Generation of mice with B cell-specific ATM deficiency. To define the extent to which B cell-specific ATM expression alters chronic gammaherpesvirus infection, we generated a mouse model of B cell-restricted ATM deficiency (designated B-Cre). In this mouse model ( Fig. 1A) , conditional ATM alleles (26) were combined with a Cre recombinase allele driven by the endogenous CD19 promoter (27) . B-Cre mice were maintained as heterozygotes with respect to the Cre allele to retain expression of endogenous CD19.
To evaluate ATM depletion, splenocytes from B-Cre-positive and -negative mice were sorted into B220 ϩ B cells and non-B cells (flowthrough) ( Fig. 1B) . As expected, only B-Cre-positive sorted B cells contained the recombined ATM locus (Fig. 1C ). Additionally, while comparable ATM protein levels were detected in non-B cells from B-Crepositive and -negative splenocytes, ATM protein was below the level of detection in B-Cre-positive sorted B cells ( Fig. 1D ), indicating that ATM deficiency was B cell restricted. The establishment of gammaherpesvirus splenic latency is attenuated under conditions of B cell-specific ATM depletion. Following brief replication in the lungs, MHV68 transitions to the spleen, where the virus usurps the normal B cell differentiation program to establish lifelong infection. During the peak of MHV68 splenic latency, the viral genome is harbored by naive B cells, germinal center B cells, and plasma cells (20) (21) (22) (23) (24) (25) . Interestingly, while a majority of latently infected cells are found within the germinal center B cells, viral reactivation is restricted to the plasma cells (24) . To determine the effect of B cell-specific ATM deficiency on the establishment of gammaherpesvirus latency, B-Cre-positive and -negative mice were intranasally infected with MHV68 and the parameters of viral latency were examined at 16 days postinfection.
The frequencies of MHV68 reactivation and viral-DNA-positive cells were decreased in the spleens of B-Cre-positive mice compared to their B-Cre-negative littermates (P Ͻ 0.05) (specific frequencies are indicated in Fig. 2A and B ). This attenuation of MHV68 latency occurred in spite of similar frequencies and absolute numbers of splenic B220 ϩ B cells in the B-Cre-positive and -negative groups (baseline or following infection) ( Fig (data not shown). Thus, B cell-intrinsic expression of ATM facilitated the establishment of splenic MHV68 latency. B cell-specific ATM deficiency attenuates class switching, germinal center response, and the generation of IgG-positive plasma cells. The MHV68 splenic reservoir was decreased in B-Cre-positive mice in spite of similar total B cell numbers. Thus, we next tested the hypothesis that altered B cell differentiation in B-Cre-positive mice might be responsible for the attenuated viral latency in the spleen. ATM facilitates class switching and somatic hypermutation in splenic B cells (28) (29) (30) , and both of these processes are CD4 T cell dependent, occur in the context of germinal center reaction, and lead to generation of plasma or memory B cells. While MHV68 latency is highest in germinal center B cells, MHV68 reactivation from B cells is uniquely limited to plasma cells (24) .
To ATM deficiency restricted to B cells fails to alter MHV68-specific CD8 T cell response. We had previously found that MHV68-specific T cell responses are attenuated and skewed in viral epitope specificity in mice with global ATM deficiency (18) . Given the known function of B cells as antigen-presenting cells in the context of gammaherpesvirus infection (31) and decreased splenic MHV68 latency observed in B-Cre-positive mice, we wanted to test the hypothesis that both global and MHV68specific T cell responses are altered under conditions where ATM deficiency is limited to B cells. Similar numbers of CD8 and CD4 T cells were observed in the spleen and peritoneum in B-Cre-positive and -negative mice at baseline and following MHV68 infection (16 days) ( Fig. 4A) , indicating that B cell-specific ATM deficiency had no effect on the global T cell response to MHV68 infection. Further, similar frequencies and absolute numbers of MHV68-specific CD8 T cells (ORF6 487 /D b and ORF61 524 /K b ) were found in spleens of B-Cre-positive and -negative mice ( Fig. 4B and C). Thus, in contrast to what was observed in mice with global ATM deficiency, neither polyclonal nor MHV68-specific T cell responses were affected by the B cell-specific ATM deficiency.
B cell-specific ATM deficiency attenuates MHV68 reactivation in the peritoneum in long-term-infected mice. Between 16 and 42 days postinfection, MHV68 transitions from early latency to stable long-term maintenance concurrent with a decrease and subsequent stabilization of the latent reservoir and attenuation of ex vivo reactivation. Having observed decreased establishment of splenic MHV68 latency in B-Cre-positive mice (Fig. 2) , we assessed the relevance of B cell-specific ATM expression in long-term infection. In contrast to those observed at 16 days postinfection ( Fig. 2A  and B ), the frequencies of MHV68 genome-positive splenocytes were similar in B-Crepositive and -negative mice at 42 days postinfection, with little if any spontaneous Fig. 6A were similar between B-Cre-positive and -negative MHV68-infected groups (data not shown).
Sorted B and non-B cell populations (as defined in Fig. 6A ) were next assessed for the frequency of MHV68 DNA-positive cells. MHV68-positive cells were enriched in most peritoneal B cell populations compared to peritoneal non-B cells ( Fig. 6B and C) , consistent with our observation in BL6 mice (32) , suggesting that the genetic background does not have a profound influence on the peritoneal cell types hosting latent MHV68. Interestingly, while the highest frequency of MHV68 DNA-positive cells was found in the B-1b B cells of either B-Cre genotype (Fig. 6B) , the frequency of MHV68 infection in B-1a B cells was very low to undetectable (data not shown). Additionally, CD5 ϩ B-2 B cells harbored a lower frequency of MHV68-infected cells than CD5negative B-2 B cells (Fig. 6B) . Thus, following intranasal infection, MHV68 preferentially established long-term latency in CD5-negative peritoneal B cells, with B-1b B cells harboring the highest frequency of infected cells. Importantly, ATM expression by B cells did not alter MHV68 tropism for the peritoneal B cell populations examined in this study. To determine the extent to which macrophages contributed to MHV68 reactivation from the peritoneum in long-term-infected mice, B-Cre-positive and -negative mice were intranasally infected with MHV68 and treated with clodronate at day 39 postinfection. In spite of Ͼ99% efficient depletion of CD11b ϩ F4/80 ϩ peritoneal cells, clodronate treatment failed to significantly alter the frequency of viral reactivation in B-Cre-negative peritoneal cells harvested at 42 days postinfection ( Fig. 6D ). Clodronate treatment also had no effect on the very low levels of MHV68 reactivation observed in B-Cre-positive peritoneal cells (Fig. 6D ). Thus, ATM expression by peritoneal B cells promoted MHV68 reactivation in long-term-infected mice.
DISCUSSION
The results of this study establish the importance of B cell-specific ATM expression during both the establishment of MHV68 latency and long-term reactivation. Based on the evidence presented, we propose the following model ( Fig. 7) . ATM regulates the establishment of viral splenic latency indirectly by promoting B cell differentiation, including MHV68-driven germinal center reaction, class switching, and efficient generation of plasma B cells. These plasma cells, when derived from MHV68infected germinal center B cells, mediate MHV68 reactivation, producing infectious virus that reseeds the B cell compartment (Fig. 7A) . In contrast, ATM is likely to directly facilitate MHV68 reactivation from peritoneal B cells during long-term infection (Fig. 7B) .
Control of chronic gammaherpesvirus infection in an ATM-deficient host. ATMdeficient hosts, whether humans or mice, are selectively susceptible to severe chronic, but not acute, viral infections. Specifically, A-T patients display elevated EBV and HHV-6 loads, have prolonged and exacerbated primary varicella-zoster virus infection, and display more robust and persistent skin lesions associated with human papillomavirus (HPV) infection (11) (12) (13) (14) (15) (16) (17) . These observations contradict the well-established proviral phenotypes in tissue culture systems, where ATM facilitates infection and replication of diverse herpesviruses and HPV. These opposing observations suggest a balancing CD8 T cell responses are attenuated and skewed in MHV68-infected mice with global ATM deficiency (18) . We have since developed and are evaluating additional mouse models, including a model of T cell-specific ATM deficiency that will facilitate identification of ATM-dependent immune mechanisms that promote control of chronic virus infections.
In support of the proviral role of ATM within infected cells in vivo, we have previously shown that myeloid-specific ATM deficiency attenuates chronic MHV68 infection, likely by directly promoting viral reactivation within infected myeloid cells (19) . Our current study shows that ATM expression by B cells indirectly facilitates the establishment of MHV68 latency through optimizing B cell differentiation and subsequently supports MHV68 reactivation from peritoneal B cells during long-term infection. In the myeloid model of ATM deficiency, we have shown that activation of ATM directly promotes MHV68 reactivation from latently infected macrophages ex vivo. Further, data in our current study indicate a similar direct role of ATM in facilitating viral reactivation from peritoneal B cells during long-term infection. However, the mechanism remains unclear. We have recently found that ATM attenuates type I interferon (IFN) responses during MHV68 replication in primary macrophages, and it is this attenuation that fully accounts for the proviral activity of ATM during gammaherpesvirus replication in vitro (44) . It is tempting to speculate that the infected-cell-intrinsic expression of ATM and subsequent attenuation of the type I IFN response also promote virus reactivation during chronic infection, a hypothesis that is being tested in ongoing studies.
ATM and B cell infection in the peritoneum. A majority of MHV68 studies, similar to those of human gammaherpesviruses, focused on the interaction of the viruses with splenic B cells, with very little known about the infection of other B cell types. A study published by the Virgin group showed that peritoneal macrophages maintain the majority of latent MHV68 at 16 days postinfection following the intraperitoneal route of inoculation (35) . Subsequently, the Tibbetts group demonstrated a higher frequency of MHV68 DNA-positive cells in peritoneal B cells than in macrophages at 42 days post-intraperitoneal infection (36) . However, the type of B cells harboring MHV68 in the peritoneum was not identified. We have since shown that B-1 B cells predominantly support peritoneal MHV68 latency in BL6 mice, regardless of the route of inoculation (32) . In the current study, we show that MHV68 tropism for peritoneal B-1 B cells is also observed in mice on a mixed genetic background, suggesting that infection of B-1 B cells is not unique to the BL6 mouse strain.
Interestingly, latent MHV68 was significantly enriched in B-1b B cells ( Fig. 6B ) but was at or below the level of detection in B-1a B cells (data not shown). In spite of several similarities between these two B cell populations (location in body cavities, T cell independence, and self-renewal), they can have distinct functions during immune response and, potentially, distinct origins of development (33) . Further, CD5 is expressed by B-1a, but not B-1b, B cells. In B cells, CD5 recruits phosphatase Shp1 to the B cell receptor to attenuate B cell receptor signaling and B cell activation (37) . B cell activation promotes the establishment of MHV68 latency, at least in splenic B cells (38) ; thus, decreased activation capacity of B-1a B cells may make the cells more restrictive for MHV68 latency.
Due to the distinct features of B-1 and B-2 B cells, it is likely that distinct mechanisms regulate MHV68 infection in these B cell populations. In this study, B cell-specific ATM expression no longer regulated splenic latency during long-term infection. As recently demonstrated by the Tibbetts group, MHV68 infection of developing B cells in the bone marrow is important to support long-term, but not early, viral splenic latency (39) . ATM is not depleted in the developing B cells of CD19-Cre-positive ATM c/c mice (40) , and this is likely the reason why attenuation of splenic MHV68 latency is limited to early times in this model. However, in the same long-term-infected mice, B cell-specific expression of ATM facilitated MHV68 reactivation in the peritoneum. Short-term depletion of peritoneal macrophages in long-term-infected mice did not affect MHV68 reactivation (Fig. 6D ). Further, we have previously shown that myeloid-specific deletion of ATM has no effect on MHV68 reactivation from peritoneal cells of long-term-infected mice (19) . Thus, the current study defines a novel direct role of ATM in maintaining long-term MHV68 reactivation from peritoneal B cells. Understanding the molecular mechanism by which ATM supports such reactivation will offer important insights into the biology and pathogenesis of long-term gammaherpesvirus infection.
MATERIALS AND METHODS
Mice. All mice were housed and bred in a specific-pathogen-free barrier facility in accordance with federal and institutional guidelines. All experimental manipulations of mice were approved by the Institutional Animal Care and Use Committee of the Medical College of Wisconsin (AUA971). C57BL/6J B-Cre (C.129P2-Cd19 tm1(cre)Cgn /J) mice were originally obtained from Jackson Laboratories (Bar Harbor, ME). ATM flox (ATM c/c ) mice were a kind gift from Fred Alt (Howard Hughes Medical Institute, Harvard Medical School). A combination of ATMgF86723 (5= ATC AAA TGT AAA GGC GGC TTC 3=), BAC13 (5= CAT CCT TTA ATG TGC CTC CCT TCG CC 3=), and BAC 7 (5= GCC CAT CCC GTC CAC AAT ATC TCT GC 3=) primers was used to detect either the floxed AtmΔcre (420-bp floxed; 350-bp wild type) or the recombined AtmDel (903 bp) (26) allele in ATM c/c mice using a strategy outlined in Fig. 1 . The Cre transgene was detected in the parental B-Cre (C.129P2-Cd19 tm1(cre)Cgn /J) mice using primers 5= ACG TAC TGA CGG TGG GAG AA 3= and 5= CAA AAA TCC CTT CCA GGG CG 3=.
Virus infections in vivo. Wild-type MHV68 virus stock was prepared and the titer was determined on NIH 3T12 cells as previously described (41) . Due to the mixed genetic background of the B-Cre mouse strain, Cre-positive and -negative littermates were directly compared. In each experiment, 3 to 5 mice/genotype were infected. Infections were performed by intranasal inoculation at 6 to 7 weeks of age with 10 4 PFU of MHV68 or sterile carrier in an inoculum volume of 15 l per mouse. Virus was diluted in sterile serum-free Dulbecco's modified Eagle's medium (Corning, Tewksbury, MA). Upon termination of the experiment, splenocytes, peritoneal cells, and serum were collected from each mouse. In viral-latency experiments, splenocytes were pooled from mice of the same genotype. These pooled cell suspensions were subjected to limiting-dilution assays (42) . In contrast, splenocytes and peritoneal cells harvested from individual mice were analyzed as individual samples by flow cytometry and enzymelinked immunosorbent assay (ELISA).
Cell sorting. In experiments validating B cell-specific depletion of ATM, homogenized spleens from B-Cre-negative and B-Cre-positive mice were incubated with ␣CD19 magnetic beads, and B cells were positively enriched by filtration through a magnetized column (Miltenyi Biotec, San Diego, CA) according to the manufacturer's protocol. To prepare peritoneal exudate cells (PECs) for cell sorting by FACS Aria (BD Biosciences, San Jose, CA), single-cell suspensions of PECs from 5 mice per group were pooled. The PECs were resuspended in fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered saline [PBS] plus 2% fetal calf serum [FCS] and 0.05% sodium azide) at 1 ϫ 10 7 cells/ml. The cells were stained with antibodies (in parentheses) purchased from eBioscience (San Diego, CA) against the following surface molecules at optimal concentrations: CD5 (53-7.3), B220/CD45R (RA3-6B2), CD19 (6D5), and CD11b (M1/70). Prior to sorting, 2 ϫ 10 6 cells were removed from each group for limiting-dilution PCR (LD-PCR) analysis to represent the bulk PEC population.
Clodronate treatment. Clodronate and control PBS liposomes were obtained from ClodronateLiposomes (Amsterdam, Netherlands) and administered intraperitoneally according to the manufacturer's instructions. Each mouse was treated with 200 l (5 mg/ml) 3 days prior to testing for virus reactivation. Macrophage depletion was determined by surface expression of CD11b and F4/80 via flow cytometry. Depletion efficiency was Ͼ99% in clodronate-treated mice compared to PBS controls.
Limiting-dilution analysis. Limiting-dilution ex vivo reactivation and nested-PCR analyses were performed as previously described to measure the frequency of cells reactivating MHV68 or harboring the MHV68 genome, respectively (43) . Briefly, to determine the frequency of cells reactivating virus ex vivo, serial 2-fold dilutions of splenocytes or peritoneal cell suspensions were plated onto monolayers of MEF immediately following harvest at 24 replicates per dilution. In order to control for any preformed infectious virus, 2-fold serial dilutions of mechanically disrupted splenocytes or peritoneal cells were plated as described above. MHV68 was allowed to reactivate from explanted cells, and virus was further amplified within the same well via subsequent replication in MEF. The cytopathic effect was scored at 21 days postplating in all replicates and dilutions. Because primary MEF were used to amplify the virus, the sensitivity of the limiting-dilution reactivation assay was a single PFU of MHV68. Because the endpoint of viral amplification in MEF was measured, the limiting-dilution reactivation assay was not susceptible to variability of titers released from primary cells upon viral reactivation ex vivo.
Tissue culture. NIH 3T12 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine. Mouse embryonic fibroblasts were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 25 U/ml penicillin, 25 mg/ml streptomycin, 2.6 mM L-glutamine, and nonessential amino acids. Bone marrow-derived macrophages were generated as previously described (10) .
Flow cytometry. Single-cell suspensions were resuspended in FACS buffer (PBS plus 2% FCS and 0.05% sodium azide) at 1 ϫ 10 7 cells/ml. A total of 1 ϫ 10 6 cells were prestained with Fc block (monoclonal antibody blocking Fc receptor, clone 24G2) and then incubated with an optimal amount of antibody conjugate (eFluor450, fluorescein isothiocyanate, r-phycoerythrin [PE], PE-Cy7, or allophycocyanin). Antibodies (in parentheses) to the following molecules were purchased from eBioscience (San Diego, CA): B220/CD45R (RA3-6B2), CD8a/Ly-2 (53-6.7), CD4 (RM4-5), CD11b (M1/70), CD11c (N418), CD95 (GL-7), IgM (RMM-1), IgD (11-26c), CD138 (281-2), CD19 (6D5), and CD5 (53-7.3). For plasma cell analysis, cell surface antigens were stained as described above. Following surface staining, cells were fixed and permeabilized using a BD Cytofix/Cytoperm kit (BD Biosciences, San Diego, CA). Intracellular IgG was detected with anti-IgG purchased from Jackson ImmunoResearch. Data acquisition was performed on an LSR II flow cytometer (BD Biosciences, Sparks, MD), and the data were analyzed using FlowJo software (Tree Star, Ashland, OR). MHV68 tetramers were provided by the NIH Tetramer Core Facility.
ELISA. Sera were collected from uninfected or infected mice of both genotypes at 16 days postinfection. MHV68-specific antibody titers were determined as described previously (19) . Serum levels of total IgM and IgG and total Ig levels were detected by coating Nunc MaxiSorp immunoplates (Fisher Scientific, Pittsburgh, PA) with goat anti-mouse IgM, goat anti-mouse IgG (Fc␥ fragment specific), or goat anti-mouse IgG (heavy plus light chain) (all from Jackson ImmunoResearch, West Grove, PA) at 10 g/ml in PBS. The plates were washed with PBS-Tween (0.05%), blocked for 1 h with PBS-Tween (0.05%)-bovine serum albumin (BSA) (3%), incubated with 3-fold dilutions of serum in PBS-Tween (0.05%)-BSA (0.5%) for 1 h, and washed with PBS-Tween (0.05%). Bound antibody was detected with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgM, goat anti-mouse IgG (heavy plus light chain), or goat anti-mouse IgG (Fc␥ fragment specific) using 3,3=,5,5=-tetramethylbenzidine substrate (Life Technologies, Gaithersburg, MD). HRP enzymatic activity was stopped by the addition of 1 N HCl, and absorbance was read at 450 nm on a model 1420 Victor 3 V multilabel plate reader (PerkinElmer, Waltham, MA).
Western blot analysis. Samples were collected in Laemmli buffer (0.1 M Tris, 4% SDS, 4 mM EDTA, 100 mM beta-mercaptoethanol, 3.2 M glycerol with 0.05% bromophenol blue), boiled for 10 min, and subjected to SDS-PAGE. The protein was transferred to a polyvinylidene difluoride membrane (Immunobilon; Millipore, Billerica, MA) using a Transblot transfer cell semidry system (Bio-Rad, Hercules, CA). The membranes were blocked overnight with 5% ovalbumin in TBST buffer (150 mM NaCl, 10 mM Tris,
